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Abstract
Making use of femtosecond laser sources, nonlinear microscopy exhibits inherent 3dimensional optical sectioning and provides access to previously unstudied aspects
of materials. By probing third order nonlinear optical signals determined by the
nonlinear susceptibility χ(3), which is present in all materials, we gain insight not
available by conventional linear or electron microscopy. Third-harmonic generation
(THG) and four-wave mixing (FWM) microscopy are used to investigate fundamental
material parameters. THG microscopy is applied to supplement damage studies of
optical coatings by imaging laser induced material modification both above and below
damage threshold conditions in HfO2 thin-films. FWM microscopy is employed to
investigate FWM signals and implied finite response times in multiple substrates.
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Chapter 1
Introduction

The advent of optical microscopy more than 400 years ago revolutionized the study
of biology. Electron microscopy furthered those advances for all science by resolving features of less than 2 nanometers in size. Still, these techniques have inherent
shortcomings that make them unsuitable for several applications. A prime example
of this is the inability of both linear optical microscopy and electron microscopy to
image interfaces between optical index matched components of living biological samples. Optical microscopy fails to create contrast where optical indices are matched
and where the phase change induced by the surface is irresolvably small. Electron
microscopy can resolve these features, but in doing so will kill the sample. With
a fundamentally different way of creating contrast, nonlinear microscopy presents a
method to image such a phenomena in real time video rate by accessing a higher
order optical susceptibility present in the sample [1][2][3].
Nonlinear microscopy provides both inherent 3-dimensional sectioning and different information than linear techniques. In the last few decades, nonlinear microscopy
has found many such applications and has surfaced as a powerful tool not only for
imaging but for the study of fundamental material parameters [4][5][6][7]. As is the
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case with all nonlinear optics, nonlinear microscopy relies upon intense light interacting with matter [8]. The widespread availability of femtosecond laser sources has
proven to be a boon to nonlinear microscopy in that the sources provide a high peak
intensity of light with modest average power which can be kept below the damage
threshold of the sample being studied.
HfO2 thin films are currently one of several oxides used for high damage fluence optical coatings. Production of high quality films has reached a level such that
fundamental parameters of the amorphous films may be characterized through deterministic femtosecond pulse damage studies. These studies hinge upon assumptions
about how damage threshold is assessed. Third-harmonic generation (THG) imaging
of laser induced material modification in the film may provide valuable insight into
the effectiveness of how damage is assessed.
The term four-wave mixing (FWM) is the name applied to a 4 photon energylevel process with two source illumination. In FWM nonlinear microscopy, a tunable
time delay between the excitation pulses from two distinct sources makes it possible
to probe a finite material response time.
The goals of this thesis are:

1. To characterize critical stability regions in titanium:sapphire (Ti:S) and optical
parametric oscillator (OPO) femtosecond laser sources, and optimize them for
nonlinear microscopy.
2. To map out the distribution of laser induced material modification in HfO2
thin films with THG nonlinear microscopy, and evaluate the effectiveness of
the current damage threshold criterion.
3. To investigate FWM signals in BK7, poly(methyl methacrylate) (PMMA),
fused silica, and sapphire substrates as a function of the inter-pulse time delay
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between the two excitation sources in order to characterize a finite response
time of the material.
In this thesis, I begin with an introduction to nonlinear microscopy by outlining
nonlinear signal generation in tandem with mathematical and photon energy-level
descriptions of several nonlinear processes highlighted throughout this manuscript.
Subsequent chapters detail the improvement of two preexisting femtosecond laser
sources, a titanium sapphire oscillator and an optical parametric oscillator, and then
realize the application of these sources to i) THG microscopy of femtosecond laser
induced material modification in HfO2 thin films, and ii) the characterization of BK7,
PMMA, fused silica, and sapphire substrates through analysis of FWM microscopy
signals in the visible and infrared as they depend on the inter-pulse time delay
between the two illumination sources.

3

Chapter 2
Nonlinear Microscopy

The goal of this chapter is to introduce the reader to a few key features of nonlinear
optical signals which make them attractive for microscopy applications. These key
features can be characterized as either generic - features present for all nonlinear
processes (i.e. 3-dimensional sectioning), or specific - features present for a given
process (i.e. interface generation for THG.)

2.1

Nonlinear vs. Linear signals

In the case of linear optics, signals derive their source from a material polarization,
P , induced by the incident electric field, E, where the constant of proportionality
between the two is given by the linear susceptibility, χ(1). This is expressed as

P (t) = χ(1)E(t).

(2.1)
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In analogue to Eq.(2.1), P can be expanded to proportionality with higher powers
of the incident electric field and may be written as
P = χ(1)E + χ(2)E 2 + χ(3)E 3 + ... = P (1) + P (2) + P (3) + ...

(2.2)

For simplicity, both the vector nature of E and the tensor nature of χ(n) are omitted
from Eq. (2.2). Also, P and E implicity depend on time.
Nonlinear signals also derive their source from the induced material polarization
P . Considering that the optical signals we detect are time averaged, detection of the
nth-order nonlinear signal may be written as
S (n) ∝

Z h

P (n)

i2

dt =

Z h

χ(n) E n

i2

dt

(2.3)

A closer look at Eq. (2.3) reveals the important facts that nth-order nonlinear signals
scale proportional to I n , where I is optical intensity, and map a distribution of χ(n).
A geometrical example elucidates why this is so important for nonlinear microscopy.

Figure 2.1: Signals produced near the focus of a Gaussian beam: Linear signals
scale with power, and are generated along the length of the beam, while nth-order
nonlinear signals scale as I n and are generated in the focal volume.

Consider the focused Gaussian beam shown in Fig. 2.1. The resultant linear
signals scale with optical power and are generated throughout the extent of the
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beam. nth-order Nonlinear signals scale as I n , and are generated only in a region
around the focus of the beam. The axial extent of this region is approximately the
confocal parameter of the beam, which along with the beam waist estimates the
ellipsoidal volume of signal generation. Approximating this volume as a point, we
see that adjacent points begin to map out a distribution of χ(n) in 3-dimensional (3D)
space. This is fundamental to nonlinear imaging microscopy and may be expressed
mathematically as

S n (x, y, z) ∝

Z 

χ(n) (x, y, z)E n

2

dt.

(2.4)

Nonlinear signal generation is inherently applicable to 3-dimensional imaging
and relies on point by point image construction. Typically, a computer is used to
coordinate sample scanning and data collection.

2.2

Nonlinear processes for microscopy

Of course, the induced material polarization, P , must follow from real processes
where both energy and momentum are conserved. Consider the case for thirdharmonic generation. Eqs. (2.5) and (2.6) express energy conservation and momentum conservation, respectively, where ω1 is the frequency of the incident field
and ω2 is that of the signal field. Fig. 2.2 illustrates how the momentum vectors, ki ,
of Eq. (2.6) with a positive wave mismatch can lead to efficient THG in the focus of
a Gaussian beam.

ω2 = 3ω1

(2.5)

∆k = k1 + k2 + k3 − k4 = 0

(2.6)
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Figure 2.2: Momentum vector diagrams for THG. Identical amplitude incident
(k1 , k2 , k3) and signal (k4 ) momentum vectors for two distinct cases. Above: incident momentum vectors in a collimated Gaussian beam. The difference between
the sum of incident momentum vectors and the signal momentum vector is positive,
∆k > 0. Below: the same beam is focused resulting in an angular spread of momentum vectors. In this case ∆k = 0 and THG is allowed by momentum conservation.
We see that a positive k vector mismatch is desirable to enable THG generation in
the focus of a Gaussian beam.

Fig. 2.3 shows the photon energy-level diagrams (naming convention used in
Boyd [8]) of second-harmonic generation (SHG), sum frequency generation (SFG),
third-harmonic generation (THG), and four-wave mixing (FWM), which are referenced throughout this manuscript. For the experiments that follow, the center
wavelengths, λc , of the observed incident fields and the predicted signal photons are
presented in Table 2.1. Even when energy and momentum are conserved, that does
not necessitate efficient signal generation. However, they are fundamental requirements of all processes. As we will see later, there are other factors that determine
whether a specific nonlinear signal is generated efficiently.
It is worth mentioning two notable phenomena for the processes just highlighted.
First, it is well known that SHG is only generated in noncentrosymmetric media [8].
For that reason, SHG is often used in combination with other imaging processes to
reveal areas of noncentrosymmetric crystallinity particularly in biological samples.

7
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Figure 2.3: Photon energy-level diagrams of SHG, SFG, THG, FWM

Second, for isotropic bulk media, the THG generated before and after the beam
focus destructively interfere, resulting in zero net THG [9]. When axial symmetry
is broken by either an interface or an anisotropic bulk media (or both), THG is
efficiently generated [10][4].
Using these examples in review of the entire chapter, if one were to simultaneously
image a sample by detecting SHG and THG, we could construct a 3D image of
noncentrosymmetric crystallinity and interfaces that pass through the focal volume
source or
process
λc (nm)

Ti:S OPO
787

1025

SHG
Ti:S
394

SHG SFG
OPO
513
445

Ti:S
THG
262

IR
Visible
FWM FWM
1469
639

Table 2.1: Central wavelengths of Ti:S and OPO laser sources as well as resulting
SHG, SFG, THG, IR FWM, and Visible FWM optical signals.
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of our microscope. Stated another way, the image would partially map a distribution
of χ(2)(x, y, z) and χ(3)(x, y, z) in the sample.

9
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The nonlinear microscopy techniques detailed in the remainder of this thesis rely
upon two preexisting femtosecond laser sources: a titanium sapphire oscillator (Ti:S)
and an optical parametric oscillator (OPO). Optimization of these sources for application to nonlinear microscopy is desired.
Previously, the Ti:S output was characterized by a chaotic shift between single
and double pulse behavior on a timescale of minutes to hours. Compared to single
pulse output, double pulse output has reduced peak intensity and thereby reduces any
nonlinear signals produced by the beam. Single pulse output with improved average
power (peak intensity) is sought in order to increase nonlinear signal generation when
the Ti:S is applied to nonlinear microscopy.
Previously, the OPO required the use of an intracavity knife edge to enact TEM0,0
transverse mode output. Using such a knife edge reduced the average output power
by approximately half. A reduction in output power (peak intensity) of the beam
leads to a reduction in any nonlinear signals produced by the beam. Therefore, a
method for enacting TEM0,0 output without a reduction in power is sought when
the OPO is applied to nonlinear microscopy.

10
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The goal of this chapter is to instruct how a systematic study of stability regions in
existing femtosecond laser sources helps to improve the respective source’s i) output
pulse behavior (single pulse instead of double pulse), ii) average power, and iii) output
mode (TEM0,0 desired). All of these improvements benefit nonlinear microscopy
techniques.

3.1

Overview of femtosecond laser sources

Consider the case where nonlinear signals are generated in the diffraction limited
focal volume of a nonlinear microscope. In order to yield a maximum nonlinear
signal, one would choose an illumination source that exhibits high peak intensity
and short wavelength (smaller diffraction limited spot size). Nonlinear microscopy is
typically transmission microscopy where the signal wavelengths are often harmonics
of the excitation source. Requiring both sample transmission and detectability of
harmonic signals, nonlinear microscopy is typically limited to source wavelengths in
the far visible and near infrared. Additionally, it is clear that in order to avoid damage
to the sample, the ideal illumination source would combine high peak intensity with
modest average power in a high repetition rate ultrashort pulse laser. A survey of the
literature reveals typical parameters for femtosecond sources often used in nonlinear
microscopy, Table (3.1). The Ti:S and OPO parameters shown in Table (3.1) are for
the sources used in the following work after optimization as detailed in the next two
sections.

11
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pulse
Spectral
source
range
Ti:S
770-800 nm
OPO
980-1075 nm
Cr:LiSAF
770-950 nm
Cr:Forsterite 1170-1345 nm
Fiber
1550 nm
oscillator

Pulse
duration
60 fs
> 100 fs
> 9 fs
> 65 fs
50 fs

Mean Power
Repetition
or pulse energy
rate
1.42 W
113.3 MHz
<75 mW
113.3 MHz
<100 mW
100 MHz
≈ 200 mW
100 MHz
≈ 110 mW
10’s MHz

Table 3.1: Comparison of optimized Ti:S and OPO to typical spectral range, pulse
duration, mean power and repetition rate for several types of femtosecond sources
often used in nonlinear microscopy. [11][12][13]

3.2

Optimization of femtosecond titanium sapphire
oscillator

An optical layout of the asymmetric cavity Kerr lens modelocked Ti:S oscillator
used throughout the remainder of the work presented in this thesis is shown in Fig.
3.1. A 532 nm frequency doubled Nd:Vanadate laser (Coherent Verdi V-8, 7.00 W)
pumps a titanium doped sapphire crystal (10 mm length) which emits broadband
fluorescence (700 - 1000 nm) peaked at 790 nm. The cavity is dispersion controlled
via a prism pair (SF10) used to negate positive group velocity dispersion (GVD)
introduced by the crystal and unchirped mirrors [14]. Pulses arise from fluctuations
in the intracavity power and are selectively prefered for gain due to Kerr lensing in the
crystal. Following optimization, the result is a modelocked (19 nm bandwidth) train
of pulses of 60 fs duration at 1.42 W average power at 787 nm central wavelength
with a repetition rate of 113.3 MHz.
Owing to the nonlinear nature of both Kerr lensing and thermal lensing present in
this type of oscillator, an analytical description of the cavity dynamics is abandoned
in favor of numerical modeling which places two cavity modes, continuous wave (CW)
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Figure 3.1: Optical layout of the Kerr lens modelocked Ti:S oscillator.

and modelocked, in competition for gain [15][16]. It is both observed and modeled
[15] that for a Kerr lens modelocked laser with soft aperture, the modelocking process
is most preferred near the center of CW stability regions of the laser. In an attempt
to increase modelocking stability and output power, a systematic study of a few
stability regions was undertaken.
Previously, our Ti:S oscillator displayed double pulse behavior, where the output pulse train is characterized by two pulses where normally (as prescribed by the
repetition rate of the laser) there would be only one. Double pulse behavior reduces the peak intensity of the laser and thereby reduces subsequent nonlinear signal
generation. For this reason, we sought to make the output behavior single pulse.
Double pulse modelocked output indicates that the intracavity peak power is too
high. One solution is to introduce an additional cavity loss by increasing the outcoupler transmission. If chosen correctly, the outcoupler may also lead to an increase in
the average output power of the oscillator. The goal is to find an appropriate outcoupler that negates double pulse behavior while increasing the modelocked power
output. For outcouplers in the range of 13% to 25% transmission, the average power
and pulse behavior of the Ti:S oscillator were observed for comparison, Fig. 3.2. For
a combination of single pulse modelocked output and increased average power, the
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original 13% outcoupler was permanently replaced with a 20% outcoupler. Note that
after the 20% outcoupler was chosen, the pump focusing lens was changed, from f
= 10 cm to f = 8.5 cm AR coated, in order to increase the pump transmission and
fluence. This yielded an increase in average CW and modelocked power and the
output behavior remained single pulse.

Figure 3.2: CW and modelocked (ML) average power of the Ti:S oscillator for 13%,
16%, 18%, 20%, 25% transmission outcouplers. For a combination of single pulse
output and high modelocked average power, the outcoupler was changed permanently
to 20% transmission. Also shown is the CW and ML average power for the 20%
outcoupler achieved after changing the pump focusing lens (Fig. 3.1) from f = 10.0
cm to f = 8.5 cm.

Once single pulse output behavior was achieved, we sought to optimize the modelocked output power of the oscillator by investigating two critical stability regions.
First, the distance, d, between folding mirrors (Fig. 3.1) was adjusted over a few mm
while monitoring the CW power. Such an adjustment is accomplished by translating
together the crystal, second folding mirror (curved mirror nearest prisms), and pump
focusing lens. This is to keep the focal volume of the pump at a constant position in
the crystal and to keep a constant distance between the focusing lens and the mirror
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being moved. This also requires that the entire cavity be realigned for maximum
CW power for each step in d. The results with a 20% outcoupler are shown in Fig.
3.3. Optimum modelocking is achieved for d = 111.75 mm, which is slightly detuned
from maximum CW power in this stability region. For a 16% outcoupler, Fig. 3.4,
the CW power has a maxima at the same position as that of the 20% outcoupler.

Figure 3.3: CW power versus the distance, d, between folding mirrors in the Ti:S
cavity for a 20% outcoupler.

A second stability region of interest depends on the horizontal alignment of the
end mirror. From Fig. 3.1 we see that the spectral components of the laser arrive
with spatial separation on the end mirror. Ascribable to that fact, we find that fine
alignment of the end mirror has an impact on both the overall power and the center
wavelength of the output pulses. To map this stability region, we first align the cavity
for absolute maximum CW output power. Next, the end mirror horizontal alignment
knob is walked incrementally in one direction (clockwise or counterclockwise). For
each incremental motion on the end mirror, the outcoupler is aligned for maximum
CW power. If modelocking is observed, the power and spectrum are recorded. From
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Figure 3.4: CW power versus the distance, d, between folding mirrors in the Ti:S
cavity for a 16% outcoupler.

this data, Fig. 3.5, we find that for the most stable modelocking (> 24 hours duration), the modelocked average power (1.42 W) exceeds the CW average power (1.41
W). Experimentally, this stability region is observed to be by far the most useful for
finding the highest power stable modelocking behavior of the oscillator. This may be
owed to the fact that alignment of the end mirror in the horizontal direction finely
tunes the cavity alignment to a specific wavelength range in the spatially separated
spectrum incident upon it. The assumption is that when this range is centered upon
the zero GVD wavelength of the cavity, the highest modelocked power results.
In summary, an existing Ti:S oscillator has been improved by i) eliminating double pulse output by moving to a higher output coupler, and ii) mapping two stability
regions which aid in finding the maximum power for stable modelocking. Additionally, mounts of both the second folding mirror and the focusing lens were replaced to
improve mechanical stability. The net effects of these improvements can be found in
Table (3.2). Highlights include the improved modelocking power, 1.35 - 1.42 W, and
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Figure 3.5: CW and modelocked power as a function of horizontal end mirror position. The laser is operated at 1.42 W ML in the stable ML region.

the elimination of double pulse behavior, which both lead to higher intensity applied
to nonlinear microscopy.

Max Power
CW (W)
before
after

1.50
1.57

Max Power
Modelocked
τp
ML (W)
bandwidth (nm) (fs)
1.35
1.42

16
19

70
62

λc
(nm)
785
787

pulse
behavior
chaotic
single-double
single

Table 3.2: Ti:S oscillator characteristics before and after optimization.
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3.3

Optimization of femtosecond optical parametric oscillator

An optical layout of the OPO is shown in Fig. 3.6. An extensive explanation of its
construction and operation can be found in Dr. Xuejun Liu’s dissertation [17]. The
OPO is synchronously pumped by the Ti:S source described in section 3.2, and yields
a train of pulses with 100 fs duration, < 75 mW average power at 1025 nm, and 113.3
MHz repetition rate. The cavity contains a prism pair (SF10) to compensate GVD
in the cavity. A piezo stage finely controls the optical length of the cavity to match
the repetition rate to that of the Ti:S. A knife is mounted on a vertical translation
stage and can be inserted partially into the intracavity mode in order to control the
output mode. A TEM0,0 output mode is desirable in order to produce a circular
spot with Gaussian transverse profile in the focus of a lens. Applied to microscopy,
an incident TEM0,0 mode then becomes important for achieving optimal transverse
resolution of the microscope.

Figure 3.6: Optical layout of the OPO.

Previously, the OPO exhibited a propensity for spatial mode operation of TEM0,n
(with n>4), when aligned for maximum power and maximum tuning range. By
inserting the knife’s edge into the intracavity mode, TEM0,0 output could be achieved
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but at a cost of half the output power (i.e. 45 mW to 28 mW.) A solution for
achieving TEM0,0 output without this reduction in power is desired. Knowing that
higher order spatial modes often result from operating a cavity near instability, an
assessment of cavity stability was required. The critical alignment proved to be the
axial alignment of the end mirror. The output power and mode results for alignment
of the end mirror in the axial direction (and subsequent alignment of the outcoupler
to maintain cavity length) are shown in Fig. 3.7. Indeed, the OPO was operating
near cavity instability (previously operated at 11.56 mm). The end result is to
provide TEM0,0 output without a reduction in average power. This alignment may
improve the output mode by virtue of overlapping the focus of the reflected beam
with that of the counterpropagating pump beam in the PPLN crystal.

Figure 3.7: Output power and mode of the OPO as a function of end mirror position.
The outcoupler is compensated to maintain a constant cavity length. The end mirror
stage is kept at 11.28 mm to yield TEM0,0 output.
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Chapter 4
Third-harmonic generation
microscopy of HfO2 thin films
The goal of this chapter is to demonstrate that third-harmonic generation (THG)
microscopy is an effective method for imaging laser-induced material modification
in HfO2 thin films for fluences above and below the current definition of damage
threshold. THG microscopy may provide valuable feedback concerning both how
material modification leads to damage and how the damage threshold is evaluated.

4.1

Overview of HfO2 samples and damage studies

HfO2 is one of several dielectric oxide films (Sc2 O3, Ta2 O5, SiO2 ) currently used for
high fluence mirror coatings. It is assumed that the quality of the film deposition
process (ion beam sputtering ) has reached a high enough level that damage with
femtosecond pulses is highly deterministic as a function of laser fluence. Understanding the processes that lead to damage in these materials is extremely complicated but
crucial to improving the damage threshold. Because of the highly deterministic na-
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ture of femtosecond pulse damage in these materials, damage threshold experiments
provide valuable insight into modeling the processes which lead to damage. Accurately evaluating the presence of damage impacts the accuracy of this model. THG
microscopy may be able to clear up some lingering uncertainties concerning how
accurately the damage threshold is evaluated as well as present a way to analyze
material modification before damage occurs.
The theoretical damage threshold is defined to be the incident fluence of light for
which a minimum incremental amount of material (a single atom) is ablated from the
material. In practice, the damage threshold is evaluated by observing an increase in
scatter from the sample. If the evaluation of damage does not match the definition,
these studies of damage threshold are inaccurate, slight as the effect may be. The
remainder of this chapter is aimed at how we will use THG nonlinear microscopy to
help determine if the evaluation of damage matches the definition of damage. This
hinges on the ability of THG microscopy to image material modification below the
damage threshold. Since HfO2 thin films are assumed to have negligible intrinsic
anisotropy, we use THG imaging with circularly polarized light to map distributions
of laser induced anisotropy in the material.

4.2

Implications of third-harmonic generation with
circularly polarized light

From chapter 1, we know that THG microscopy is used to image interfaces and not
bulk material. However, we can further isolate certain features by using circularly polarized light. First, consider Eq. (2.2). P is correctly written as a tensor equation to
account for electric field polarization and anisotropic susceptibilities. For third-order
polarization in the i direction (x, y, z coordinate axes) with D distinct permutations
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of the input field frequencies (ωo , ωn , ωm ), P (3) may be written generally as [8]:

(3)

(3)

Pi (ωo + ωn + ωm ) = DΣjkl χijkl (ωo + ωn + ωm )Ej (ωo )Ek (ωn )El (ωm )

(4.1)

For the case of THG and an isotropic material, Eq.(4.1) may be rewritten as

(3)
(3)
(3)
Px(3)(3ω) ∝ χ(3)
xxxx Ex Ex Ex + χxyyx Ey Ey Ex + χxyxy Ey Ex Ey + χxxyy Ex Ey Ey .(4.2)

We have assumed input fields in the x and y direction so that Ez = 0. For symmetry
reasons in isotropic media, these are the only terms remaining [8][18]. Now consider
a circularly polarized input field vector, E = Ex + Ey = E + iE where Ey = iE.
Noting that (iE)2 = −E 2, evaluation of Eq.(4.2) yields
h

i

3
3
(3)
(3)
Px(3)(3ω) ∝ χ(3)
−χ(3)
xxxx E + E
xyyx − χxyxy − χxxyy .

(4.3)

1 (3)
(3)
(3)
For isotropic media, χ(3)
xyyx = χxyxy = χxxyy = 3 χxxxx [18] and Eq.(4.3) becomes

Px(3)(3ω) = 0.

(4.4)

Starting with Eq.(4.1) and using the same arguments, we reach the same result
(3)

for the other Pi (3ω). Solving Eq.(4.1) generally for circularly polarized light, we
find that THG signals are not generated in isotropic media. Applied to imaging,
when the incident field is circularly polarized, THG signals indicate regions with
anisotropy in χ(3). It has also been shown that materials with cubic symmetry yield
no THG for circularly polarized incident light [18]. THG with circularly polarized
light previously has been used to image birefringent biological specimens and to
differentiate sub-domains of anisotropy [19].
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4.3

Experimental setup

The setup for THG microscopy is shown in Fig. 4.1. A Ti:S beam (787 nm, 60
fs, 360 mW incident on focusing objective) propagates through a preexisting optical
scanning section which images phase fronts on the entrance aperture of the focusing
objective (20×, 0.4 NA) in order to enact square raster-scanning in the sample plane.
The Ti:S pulses are prechirped so that a minimum pulse duration is achieved in the
sample plane. When an interface between two materials breaks the axial symmetry within the focal volume of the (linearly polarized) beam, THG occurs. When
anisotropic media is present in the focal volume of the beam, THG occurs. A collection objective (20×, 0.4 NA, UV) directs the THG and fundamental to the detection
path for separation. THG is detected by a photomultiplier tube (PMT) (Hamamatsu
H6780-04) with adjustable gain. Simultaneously, reflection signals (787 nm) are detected via a confocal alignment to a fiber coupled amplified Si detector (Thorlabs
PDA36A). The scanning section and data collection are coordinated via computer
[20]. Insertion and alignment of a quarter wave plate (QWP) before the scanning
section yields circularly polarized light incident on the sample. Careful alignment of
this QWP (within 0.1 degree of minimum signal from isotropic media [19]) yields a
THG signal in the focus where anisotropy in the material is the dominant source of
that signal.
It is necessary to know the resolution of the microscope. The resolution is
defined in two spatial directions, transverse-in the plane of the image, and axialperpendicular to the plane of the image. The transverse resolution is estimated to
be approximately the diameter of the spot size, twice the Gaussian beam waist, 2w0 .
Using the approximation given in Eq. (4.5) [21] for w0 as a function of numerical
aperture (NA), with NA = 0.4 and center wavelength λ0 = 787 nm we calculate 2w0
= 1879 nm = transverse resolution. The axial resolution is estimated to be approximately twice the confocal parameter of the beam, 2ρ0 [23]. Using Eq.(4.6) [22] where
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Figure 4.1: Diagram of the THG microscopy setup.

the index of refraction, n = 1 for air, the center wavelength λ0 = 787 nm, and the
beam waist w0 = 939nm, we calculate 2ρ0 = 7.04 µm = axial resolution. Compare
these calculations with measurements of the experimental resolution.

w0 =

3λ0
2πN A

(4.5)

ρ0 =

nπw02
λ0

(4.6)

Experimental measurements of the axial and transverse resolution are shown in
Figs. 4.2 and 4.3. The axial resolution for THG is measured to be 10µm by scanning
the focus axially through a 100nm HfO2 thin film and recording the resulting THG
signal. Of course, the focus passes through two interfaces, air-HfO2 and HfO2 -fused
silica, but this is taken to have negligible effect on the measurement owing to the small
optical separation between these interfaces. The transverse resolution for reflected
light is measured to be 1.493 µm by scanning the focused beam in a line across a
sharp (≈ 10 nm) gold edge and monitoring the reflected signal. These values of axial
and transverse resolution compare closely with the estimated values. Interestingly,
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Figure 4.2: THG signals for HfO2 thin film scanned in the axial direction. The
FWHM (≈ 10µm) constitutes a measure of the axial resolution of this microscope.

THG data (Fig. 4.4) taken simultaneously to the reflection data of Fig. 4.3 indicates
a transverse resolution of ≈ 740 nm. The reduction in resolution from reflection to
THG is due to the reduced half width of the transverse beam profile for I 3 dependency
of THG.

The measured values of axial and transverse resolution differ from their estimates
in part because we do not have perfect Gaussian beams in the focus of the microscope.
Limited by the hard aperture of the focusing objective, a diffraction pattern is present
in the focus.

25

Chapter 4. Third-harmonic generation microscopy of HfO2 thin films

Figure 4.3: Reflection signals for a line scan across a sharp (≈ 10 nm) etched gold
edge. The distance (≈ 1.8 µm) between 16% and 84% of the normalized height of the
curve (FWHM of the differentiated curve) constitutes a measure of the transverse
resolution of this microscope for reflection imaging.

4.4

Third-harmonic generation imaging of HfO2
thin films both above and below damage threshold

The following data are for a HfO2 thin film on fused silica substrate. The film
has a thickness of λ/4 at 800 nm (100 nm, ion beam deposition). The sample
is composed of an array of exposed spots in incremental percentages of the single
pulse damage fluence, F1 . One row has spots corresponding to exposures of single
pulse illumination at 100% F1 , 95% F1,85% F1 , 70% F1, 50% F1 . The sample also
has heavily damaged marker spots which are made by exposing the same spot to
multiple pulses at F1. For a 20 µm beam diameter incident on the film, the single
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Figure 4.4: THG signals for a line scan across a sharp (≈ 10 nm) etched gold edge.
The distance (≈ 740 nm) between 16% and 84% of the normalized height of the
curve (FWHM of the differentiated curve) constitutes a measure of the transverse
resolution of this microscope for THG imaging.

pulse damage fluence was measured to be F1 = 0.48J/cm2 for a 50 fs pulse with
center wavelength 800nm. Both the unexposed thin film and substrate are assumed
to have negligible intrinsic anisotropy. Using the THG setup described in section
4.3, images of each exposed spot are recorded for three different techniques: confocal
reflection, THG with circular polarization, and THG with linear polarization.
Let’s review what is expected of each imaging technique. The reflection images
are expected to show a distribution in reflection coefficient. This implies that areas
with increased roughness (scattering) or increased transmission will appear darker
than the average surface value. The THG images taken with linear polarization are
expected to show a distribution in χ(3) for signals dominated by the contribution
from the air-HfO2 interface. The THG images taken with circular polarization are
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expected to show a distribution of anisotropy. Since the film and substrate are
assumed to be isotropic, this signal should be indicative of laser induced anisotropy.
First, consider the images in Fig. 4.5 taken of a multiple pulse damage spot
used as a marker. The cross sections indicated in Fig. 4.5 are shown in Fig. 4.6.
Consulting these cross sections we can attempt to decipher the information displayed
in the three images. For this heavily damaged spot, the film is expected to be
completely ablated, thereby exposing the fused silica substrate beneath. Reflection
signals across the damage spot fall near the edge, but rise again in the center. THG
linear polarization signals decrease sharply moving into the spot but rebound slightly
near the middle. THG circular polarization signals rise dramatically near the edge of
the spot and reach a minimum in the middle of the spot. With no signal generated
in the unexposed areas of the film, it is clear that THG with circular polarization
is indicative of some laser induced material modification around the spot that leads
to anisotropy. These three signal patterns support the hypothesis that the film was
ablated down to the fused silica substrate. The rise in signal in the center of the
spot for reflection and THG linear polarization signals is interpreted respectively as
reflection from fused silica and THG at the air-fused silica interface. This is asserted
because the THG circular polarization signals reach a minimum near background
levels in the center of the spot. An alternative interpretation would require that the
material is not preferentially ablated in the center of the beam where the incident
fluence is highest for a Gaussian transverse profile. Too negate this thought, one
only needs to view spots with less supposed relative damage and see the size and
position of the ablation. If the size of the ablation or material modification is smaller
and still centered in the exposure region, it is reasonable to affirm that the material
is preferentially ablated in the middle of the exposure.
Now consider the images in Fig. 4.7 taken of a single pulse exposure at 100% F1.
The corresponding cross sections are shown in Fig. 4.8. Analysis of these signals
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Figure 4.5: Clockwise from top left: Reflection, THG with cirular polarization, THG
with linear polarization. Images are of a multiple pulse damage spot used as a
marker. The horizontal line indicates the location of the cross section data taken
from the three images.

shows the same behavior but at a diameter of roughly 6.5 µm as measured between
peak centers of the THG circular polarization signal. This diameter is much less than
that for the multiple pulse damage spot, ≈ 12 µm measured in the same way. Now
we can say with some definitiveness that both ablation and material modification
leading to anisotropy occur preferentially in the center of the exposure as expected.
The question now becomes, can we image any ablation or material modification
before damage occurs? It turns out that we can definitely image material modification down to single pulse spot exposures of 85% F1. Figs. 4.9 4.10 and Figs. 4.9
4.10 show the images and cross section data for 95% F1 and 85% F1 respectively.
Considering the case of 85% F1 , it is clear from THG circular polarization signals
that the diameter of the material modification area has again decreased, though it
is hard to give a comparable measure now that we no longer see two distinct peaks.
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Figure 4.6: A multi-pulse exposure. Image cross sections for reflection, THG with
circular polarization, and THG with linear polarization images.

However, even a generous estimate, measured as an approximate full width at half
maximum, gives a diameter of 5µm.
While the signals for an 85% F1 are still clearly above the noise, neither THG
circular polarization images nor the other techniques were able to suggest any laser
induced material modification for spot exposures below 85% F1 (next lower spot at
70% F1). This suggests a threshold for laser induced material modification between
70-85% of F1. This threshold in itself may be of interest, particularly in the role it
may play in determining the multiple pulse damage threshold F∞ which is a measure
of the pulse to pulse memory of the material. More work should be done to analyze
the evolution of the diameter of the laser induced modification as a function of
incident fluence. One can see if that data predicts a diameter of zero for a single
pulse fluence between 70-85% of F1 . That could be taken to verify that the cutoff
we see here is not merely related to the signal becoming undetectably small.
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Figure 4.7: Clockwise from top left: Reflection, THG with cirular polarization, THG
with linear polarization. Images are of a spot exposed at 100% F1 The horizontal
line indicates the location of the cross section data taken from the three images.

Concerning whether or not the damage evaluation method meets the requirements of the damage definition (minimum incremental ablation), the results are still
unclear. However, since THG circular polarization signals detect anisotropic laser
induced material modifications in HfO2 down to spot exposures of 85% F1 , more
work should be done towards this end. If we are truly imaging a laser induced material modification before damage occurs, that is of interest. The next step in doing
so would be to use an atomic force microscope on exposure spots above and below
F1 to attempt to measure the depth extent of any ablation that may have occured.
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Figure 4.8: 100% F1 Image cross sections for reflection, THG with circular polarization, and THG with linear polarization images.

Figure 4.9: Clockwise from top left: Reflection, THG with circular polarization, THG
with linear polarization. Images are of a spot exposed at 85% F1 The horizontal line
indicates the location of the cross section data taken from the three images.
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Figure 4.10: 85% F1 Image cross sections for reflection, THG with circular polarization, and THG with linear polarization images.
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Figure 4.11: From top down: Reflection, THG with cirular polarization, THG with
linear polarization. Images are of a spot exposed at 95% F1 The horizontal line
indicates the location of the cross section data taken from the three images.
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Figure 4.12: 95% F1 Image cross sections for reflection, THG with circular polarization, and THG with linear polarization images.
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Chapter 5
Four-wave mixing microscopy with
femtosecond resolution

The goal of this chapter is to suggest that four-wave mixing microscopy can be
applied directly to material characterization. Interpulse delay scan measurements
allow probing for the presence of a finite material response.

5.1

Experimental setup

The setup for FWM microscopy is shown in Fig. 5.1. 35 mW each of Ti:S (787 nm, 60
fs) and OPO (1025 nm, 100 fs) co-propagate and are focused (EC Plan-NEOFLUAR
20×, 0.5 NA objective) into a sample to generate FWM signals in the IR (1469 nm)
and visible (639 nm). The FWM and fundamental light is collected (EDSCORP
20×, 0.4 NA objective) and filtered through a series of dichroic elements to isolate
IR and visible signals. The IR FWM signal is detected with an InGaAs femtoWatt
photoreceiver (Newport, 2153), while the visible FWM signal is detected with a
silicon avalanche photodiode (Hamamatsu, C5460-01). For samples of BK7, PMMA,
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fused silica, and sapphire, the resulting optical signals are quite small and necessitate
lock-in amplifier detection of both electronic signals. For lock-in detection, the Ti:S
beam is chopped at 500 Hz. A computer coordinates data collection and movement of
the motorized delay stage that adjusts the time delay between corresponding pulses
of each source.

Figure 5.1: Diagram of the FWM microscopy setup.

Inherent to nonlinear microscopy with two fs sources, the optical alignment and
optimization of nonlinear signals is drastically more complex than in the case of nonlinear microscopy with a single source. In Fig. 5.1, note three critical aspects of this
setup. First, the Ti:S and OPO beams are made to be collinear and to arrive perpendicular to the entrance aperture of the focusing objective. This implies that the
two beams share a transverse spatial overlap in the focus of the objective. Second,
a shared telescope is adjusted so that both beams slightly overfill the entrance aperture of the focusing objective. Along with the previous requirements, this implies a
minimum transverse spot size in the focus of the objective. The OPO beam has an
independent telescope which mainly controls the divergence of the propagating beam.
The divergence of the OPO beam can be tuned to overcome chromaticity in the objective so that both beams share a common focal plane. Expressed another way, the
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two beams share an axial spatial overlap of foci. Third, the Ti:S beam path includes
an optical delay line to control the relative temporal delay between corresponding
OPO and Ti:S pulses. When Ti:S and OPO beams are aligned to yield minimum
spot size with maximum transverse spatial, axial spatial, and temporal overlap, the
largest nonlinear signals are expected. Ultimately, these parameters are all fine-tuned
by maximizing the resultant nonlinear signals through optical alignment.
Given the short geometrical length of femtosecond pulses (0.3 µm/fs in vacuum),
an experimentally demanding step in aligning the FWM microscope comes while
adjusting the Ti:S optical delay path to find the range of temporal overlap (≈ 100
fs FWHM, 30 µm) of OPO and Ti:S pulses in the focus of the microscope. Careful
measurement and calculation of optical path length estimates the appropriate zero
delay position, d0 , of the Ti:S delay line to within a few millimeters. Beyond that,
d0 may be found by scanning the inter-pulse time delay with a stepper motor (Newport CMA-25PP) and monitoring some nonlinear process which corresponds to the
temporal overlap of both pulses. Ultimately, we monitor the visible and IR FWM
signals generated by a sample in the focus of the FWM microscope. However, when
first setting up the delay line, in order to avoid complications inherent with detection
path alignment and lock-in detection, it is much more convenient and expedient to
use an alternative approach.
Fig. 5.2 shows the alternative optical setup used to find the approximate zero
delay position dz . Ti:S and OPO beams (35 mW each) are aligned spatially and
then focused by a first lens (f = 10 cm) into a 0.01 mm thickness beta barium borate
(BBO) nonlinear crystal which enables broadband phase matching. The crystal
is used to generate second-order nonlinear effects of the incident fields, including
second-harmonic generation (SHG) and sum frequency generation (SFG). A second
lens (f = 5 cm) collimates the output resulting in a demagnification of the input beam
radius. The beam then passes through a BK7 prism resulting in spatial separation
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of the incident wavelengths of light. A cylindrical lens (f = 10 cm) is then inserted to
focus this signal light onto a paper screen, maintaining the spatial separation between
wavelengths of light. Immediately present on the screen are spatially resolved signals
corresponding to SHG of both the Ti:S (394 nm) and OPO (513 nm). Scanning the
length of the Ti:S delay path to search for dz , a third color appears between the
SHG patterns which corresponds to SFG of the Ti:S and OPO (445 nm). This SFG
signal is only present when Ti:S and OPO pulses are temporally overlapped and is
taken to be maximum at dz . This technique allows one to scan at a rate of ≈ 1
mm/s. Searching for d0 in the FWM microscope allows one to scan only ≈ 60 µm/s
because of averaging in the lock-ins. Once dz is found, d0 is easily found in the FWM
microscope.

Figure 5.2: Optical layout of the method used to find zero delay between Ti:S and
OPO pulses.

Ultimately, the inter-pulse delay time was scanned (see Fig. 5.3) within a few
hundred fs of d0 resulting in IR FWM and visible FWM signals that correspond to
moving one pulse past the other in time. These were expected to be simple crosscorrelation signals, but proved to be more complicated.
To aid in collecting FWM signal data vs. the inter-pulse delay time, a LabVIEW
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Figure 5.3: Inter-pulse delay convention. Delay is positive when Ti:S trails OPO to
sample.

program was written to coordinate motion of the delay scan motor and data capture
from the lock-in amplifiers. Sequentially, this program moves the motor, waits a
set amount of time, and collects one data point per channel. In repetition, this
constructs a data set of FWM signal data vs. inter-pulse delay time. The motor step
size (0.3 µm minimum), number of total steps, and wait time between steps are all
user defined. This program allows for arbitrary wait time between each step of the
motor and its corresponding data acquisition. In practice, the minimum wait time
enacted between successive motor steps is 500 ms. This practical limit allows three
processes to happen. First, the motor must complete it’s motion and come to rest.
Second, any vibrations coupled into the optical system by mechanical contact with
the motor must stabilize. Third, sufficient time must pass for the lock-in amplifiers
to average the equilibrated signal before data capture can occur.
For typical lock-in time-constant values of 10-50 ms, data taken with 500 ms delay
between successive motor steps accurately mimics data taken at much longer delays,
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5-10 s, and thereby demonstrates it’s efficacy, precluding any time scale effects that
last exceed several seconds in duration. It should be noted that time-constant values
of 50 ms yielded minimum signal to noise ratios (S/N) of 110:1. More commonly, for
both IR and visible FWM signals S/N > 250:1. Increasing the time-constant value
on the lock-in did not alter measurably the signal to noise ratio. It is suspected that
the major contributor to the remaining noise is due to detection of scattered and
unfiltered light from the chopped beam. This hypothesis is supported in part by
observing that the absolute value of the noise level scales linearly with the power of
the chopped beam.

5.2

Four-wave mixing inter-pulse delay scan results

For inter-pulse delay scan measurements, IR and visible FWM signals follow Eqs.
(5.2) and (5.1) where Ei , is a Gaussian shaped pulse with duration τp . This is the
case where a material has an instantaneous response to the incident waves. The
results of numerical evaluation of these equations using pulse durations of our Ti:S
and OPO (60 fs, 100 fs), are shown in Fig. 5.4. We see that the IR and visible FWM
signals share a common center and the FWHM of the IR FWM is slightly less than
that of the visible FWM.
SV (τ ) =

Z

SIR (τ ) =

t2

h

t1

Z

t2
t1

i2

E12 (t − τ )E2 (t) dt

(5.1)

h

(5.2)

i2

E1 (t − τ )E22(t) dt

Now consider the results for an inter-pulse delay scan measurement with a fused
silica sample, Fig. 5.5. The delay is scanned over a range of 800 fs surrounding
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Figure 5.4: IR and visible FWM signals for inter-pulse delay scan numerical modeling
of Eqs.(5.2) and (5.1). Pulse durations match those of the Ti:S, 60 fs, and OPO, 100
fs.

the supposed zero delay, d0 . The resolution of this scanning measurement depends
on the minimum step enacted by the delay scan motor (0.3µm, 1 fs.) For a double
pass through the delay line, this resolution is 2 fs. The IR FWM and visible FWM
signals have centers (peaks) that are clearly separated from one another along the
delay axis. This suggests that fused silica has a finite response time probed by
this experiment. Using the delay convention (5.3), it is determined that the visible
FWM signal has a maxima when the Ti:S pulse leads the OPO pulse to the sample.
Conversely the IR FWM signal has a maxima when the Ti:S pulse trails the OPO
to the sample. Such an analysis leaves the absolute value of d0 in question. To
quantify the signal delay, both signals are shown to be well matched by a Gaussian
fit (Figs. 5.6 and 5.7). From these Gaussian fits the signals’ centers and FWHM
values are obtained. The separation of IR FWM - visible FWM signal centers is
given in Table (5.1) for BK7, PMMA, fused silica and sapphire substrates. As is
expected from numerical evaluation of Eqs. (5.2) and (5.1), the IR FWM signal has
slightly narrower FWHM than the visible FWHM signal. The separation between
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these signals remains constant regardless of both focal depth in the substrate and
chirp of the Ti:S.
Sample
FWHM(fs) FWHM (fs)
material
Vis FWM
IR FWM
BK7
82.5
82.0
Fused Silica
88.9
82.19
PMMA
87.5
85.9
Sapphire
94.9
92.8

delay (fs)
IR-Vis
7.9
13.1
6.5
14.8

Table 5.1: FWM inter-pulse delay scan data for visible and IR signals in BK7, fused
silica, PMMA, and sapphire. FWHM and delay derived from Gaussian fits of data.
All uncertainties < +/− 1.5 fs.

Figure 5.5: IR and visible FWM signals for inter-pulse delay scan measurements in
fused silica.

From the absolute positions of both the IR FWM signals (Fig. 5.8) and the
visible FWM signals (Fig. 5.9) we can suggest what type of finite material response
is probed. It is observed that the IR FWM signals (except sapphire) share a common
center value to within the tolerance of jitter imposed by the motor from run to run
(≈ 2 fs). Since all IR FWM signals share a common center regardless of sample
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Figure 5.6: IR FWM signal with Gaussian fit for an inter-pulse delay scan measurement in fused silica.

(excluding sapphire), this is designated as the true value of d0 . Additionally, it
suggests that IR FWM signals do not probe a finite material response. Rather,
the visible signals probe a finite material response time. Probing a finite material

Figure 5.7: Visible FWM signal with Gaussian fit for an inter-pulse delay scan
measurement in fused silica.
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response implies time ordering of the photon interaction. If this finite material
response time corresponds to two photon absorption of the Ti:S at 787 nm, then the
visible FWM process would then be called stimulated parametric emission (SPE)
and the photon energy-level diagram in Fig. 2.3 indicates the real time ordering
of the photon interaction. To check that SPE provides the correct delay response,
numerical modeling is used again. Other FWM processes, including coherent antiRaman Stokes scattering (CARS) remain possible explanations for such behavior.
The data related to sapphire has been discounted due to experimental considerations. The shift of both sapphire signals is likely caused by the placement of the
focal volume an extended distance (> 100 µm) into the sample. Due to the thick
sapphire sample size (5 mm) spatial limitations inhibited the placement of the focal
volume of the microscope just inside the first surface of the sample as was done for
all the other samples.

Figure 5.8: IR FWM signals for inter-pulse delay scan measurements in BK7, fused
silica, PMMA, and sapphire substrates.
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Figure 5.9: Visible FWM signals for inter-pulse delay scan measurements in BK7,
fused silica, PMMA, and sapphire substrates.

5.3

Mathematical model of a finite material response time introduced to four-wave mixing

As we saw in section 5.2, Eqs. (5.1) and (5.2) predict typical visible and IR FWM
signals when the time response of the material is instantaneous.
To model a time response of the material in visible SPE, we modify Eq. (5.1) to
include a characteristic material response time, T , which is present for two photon
absorption of E1 . See Eq. (5.3).
SV (τ, T ) =

Z

t2
t1

Z

t
t1

E1 (x − τ )E1 (x − τ )e

x−t
T



2

dx E2 (t) dt

(5.3)

The modification in Eq. (5.3) is derived from assuming that the component of
the material polarization that has a finite response time varies as
"

#

1
d
+
P ∝ E1E1
dt T

(5.4)
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A numerical evaluation of Eq. 5.3 with Gaussian pulses (E1 , E2 ) of duration 60
fs and 100 fs respectively is shown in Fig. 5.10 for T = 2, 10, 60 fs. This model
verifies that for a finite material response time, visible SPE displays a movement of
the signal center toward negative delay. A negative inter-pulse delay means that the
visible SPE signal has a center (peak) when the Ti:S leads the OPO to the sample.

Figure 5.10: Numerical evaluation of visible SPE for T = 2, 10, 60 fs

This model helps begin to explain what we observe for inter-pulse delay scans.
Since IR FWM signals seem to exhibit instantaneous material response, we must
look for visible FWM processes which exhibit the proper time delay shift in signal
center. It appears that a finite material response present for two photon absorption
of 787 nm light (visible SPE) accounts for the delay between visible FWM and IR
FWM signals. As such, visible SPE cannot be ruled out as the process leading to
the results we observe.
Though the experimental data match well with Gaussian fits, more work must
be done to explain the small asymmetric shoulder exhibited for positive delay times.
It may be seen that this is indicative of the temporal shape of one or both of the
excitation pulses.
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It is clear that optimization of Ti:S and OPO femtosecond oscillators is aided by
the investigation of critical stability regions. For the Ti:S oscillator, double pulse
behavior was eliminated while improving the average modelocked power from 1.35
W to 1.42 W. For the OPO, TEM0,0 behavior was achieved without requiring the
use of a knife edge, thereby yielding approximately twice as much average power in
the desired spatial mode.
THG microscopy with circular polarization indicates laser induced anisotropy
in HfO2 thin films below the single pulse damage threshold, F1, and we predict a
threshold for laser induced material modification between 70-85% F1. The existence
of such a threshold could have large implications for predicting the multiple pulse
damage threshold fluence, F∞ , which represents a measure of the pulse to pulse
memory of the material.
FWM nonlinear signals of BK7, PMMA, fused silica, and sapphire substrates are
evaluated as a function of the inter-pulse delay time between the two source lasers.
For an inter-pulse delay scan, a separation between IR FWM and visible FWM
signals is observed. IR FWM signals have their center at a fixed absolute delay
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position regardless of the sample. This suggests that only the visible FWM signal
probes a finite response time in the samples. A numerical evaluation of visible SPE
signals with a characteristic material response time, T, agrees with the experiment
in predicting that visible FWM signals have a center (peak) when the Ti:S leads the
OPO to the sample.
For the HfO2 samples, an atomic force microscope should be used to investigate
exposure spots above and below F1 to attempt to measure the depth extent of any
ablation that may have occured. Additionally, the dependence of the diameter of
laser induced modification on single pulse fluence should be assesed for several single
pulse spot exposures between 85-100% F1. If this dependence predicts a diameter
of zero for single pulse fluence between 70-85% F1 , such a threshold for material
modification can be corroborated.
For FWM, more needs to be done to determine which other visible FWM processes may account for the observed separation between IR and visible signals. Also,
more should be done to ascertain the source of an asymmetric shoulder present in
both IR and visible signals that extends toward positive delays. It may indicate a
real time domain behavior of one or both of the pulses which would require accurate
time profiling of the source pulses as well as additional modeling with asymmetric
pulses.
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